Two-dimensional (2D) transition metal dichalcogenides (TMDs) are prospective materials for quantum devices owing to their inherent 2D confinements.
2 nanodots. Optical spectroscopies reveal the abnormal charge transfer between the 1L ReS 2 quantum dots and the MoS 2 matrix, most likely resulting from electron trapping in the 1L ReS 2 quantum dots. This study may pave the way for realizing in-plane quantum-confined devices in 2D materials for potential applications in quantum information.
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The emergence of two-dimensional (2D) materials gives rise to a wide variety of possibilities for designing and fabricating low-dimensional quantum devices owing to their inherently confined nature in two-dimension as well as their attractive material properties and intriguing physics. 1 For example, 2D transition metal dichalcogenides (TMDs) have the almost highest light absorption coefficients in all known materials. 2 Their large exciton binding energies, comparable to III-V semiconductors and organic semiconductors, 3 are highly desirable for quantum optoelectronic devices. 4 2D TMDs are also robust candidates as hosts of valley-spin qubits because of the strong spin-orbit coupling along with the valley degree of freedom. 4-6 Moreover, vertical and lateral 3 heterostructures by the rich combinations of 2D materials further provide high flexibility for the design of quantum confined nanostructures. Especially, lateral heterostructures are expected to realize even lower-dimensional confinement, e.g., 1D quantum wires and 0D quantum dots, on the basis of such naturally out-of-plane confined 2D materials.
Great advances have been made recently on the nanofabrication of 2D materials, such as epitaxy of strain-engineered coherent 1L TMD superlattices, vapor-liquid-solid growth of 1L MoS 2 nanoribbons, 7 dislocation-catalyzed or dislocation-driven growth of nanochannels in laterally heterostructured 1L TMDs, 8, 9 and embedment of graphene quantum dots in h-BN by Pt nanoparticle-catalyzed conversion or focused helium ion beam nanofabrication. 10, 11 Nevertheless, the fabrication of quantum-confined 0D TMD heterostructures with sub-nano-scale size control in lateral dimensions are highly desired for potential applications in quantum information 12 but have not been realized experimentally. Therefore, developing effective nanofabrication methods for such nanosized lateral heterostructures is in urgent need and the knowledge about the structures and properties of the 0D nanostructures is of significance for materials and device designs.
In this study, we demonstrate the successful inlay of ReS 2 quantum dots in the MoS 2 matrix in monolayer (1L) regime using a two-step low-pressure (LP) chemical vapor deposition (CVD) method assisted with plasma treatment. With type I band alignment relation between pristine 1L ReS 2 and 1L MoS 2 , 13, 14 the monolayer MoS 2 -ReS 2 system can potentially produce the 0D confinement in 2D quantum wells.
High-angle annular dark-field (HAADF) scanning transmission electron microscopy (STEM) observations show that the epitaxial 1L ReS 2 nanodots are achievable with sizes ranging from sub-nanometers to tens of nanometers circumscribed by atomically sharp interfaces. -Atomic structure analyses of the inlaid ReS 2 nanodots unveils notable size-dependence in crystal structures and confinement strains which deviate from the continuum mechanical model. Moreover, Raman scattering and photoluminescence reveal the unusual charge transfer between the 1L MoS 2 matrix and the 1L ReS 2 quantum dots. Figure 1 schematically illustrates the fabrication process for the inlaid 1L ReS 2 nanodots in 1L MoS 2 by a two-step CVD. As the first step, 1L MoS 2 samples are grown on soda-lime glass substrates by LPCVD at the growth temperature of 750°C using MoO 3 and S powders as sources 15, 16 (see Methods for details of CVD conditions). The 5 as-grown 1L MoS 2 samples, along with the glass substrates, are then exposed to air plasma for 10, 20, and 30 minutes right after the growth (Figure 1a ). In this process, a small amount of the Mo and S atoms escape from the 2D lattice under the bombardment of ions, atoms and molecules in the plasma, resulting in Mo-and S-vacancies and the formation of atomic-and nano-scale voids in the 1L MoS 2 as the plasma treatment time is prolonged. 17 Such plasma-induced voids with S-zigzag edges can be evidenced by STEM observations, and their sizes and morphologies are shown in Figure S1 (Supporting Information). After the plasma treatment, the defective MoS 2 samples are immediately put into a CVD chamber followed by the second CVD step, in which 1L ReS 2 is deposited to exactly fill the voids in the 1L MoS 2 matrix ( Figure 1b ). The ReS 2 deposition is carried out at the temperature of 700°C using Re 2 O 7 and S powders as precursors while keeping a S-rich environment throughout the growth. A strict 2D lateral growth manner along the edges of the MoS 2 voids can be attained by devised control of LPCVD conditions. A sufficiently low Re-precursor concentration in the gas environment is generated to forbid the direct nucleation of ReS 2 islands on the surface of 1L MoS 2 . Instead, the epitaxy of 1L ReS 2 is initiated by the formation of Re-S bonds with the unsaturated S at the inner edges of the voids of plasma-treated 1L MoS 2 , and followed by 1L ReS 2 growth until the voids are filled. At the same time, substitution of 6 interface Mo by Re, and relaxation of the interface structure may take place in the ReS 2 deposition process. Even though S is possibly removed during the plasma treatment, the S-excessive environment in the second CVD step can repair the S-vacancies and improve the crystallinity of the plasma treated 1L MoS 2 matrix. Different from the stable 2H structure of 1L MoS 2 , the stable phase of 1L ReS 2 in ambient condition has the distorted 1T structure, featured by the periodic striping in one of the in-plane directions. [18] [19] [20] Atomic models of 2H MoS 2 and distorted 1T ReS 2 are shown in Figure S2 . The atomic structure of the ReS 2 nanodots, embedded in the 1L MoS 2 matrix, was characterized using HAADF-STEM as shown in Figure 2 (Figure 2d ,h) as the consequence of strong faceting tendency of ReS 2 -MoS 2 interfaces along the S-zigzag edges on the MoS 2 side. Furthermore, the interfaces between ReS 2 and MoS 2 tend to be compact because the characteristic gaps of distorted 1T structure always appear inside the ReS 2 nanodots whereas no gaps are observed at ReS 2 /MoS 2 interfaces. In addition, when the size is larger than 6 nm, the ReS 2 nanodots always have a multi-domain structure, which will be discussed later. 8 Based on the observations of thousands of ReS 2 nanodots by HAADF-STEM, the ReS 2 nanodots are confirmed to be highly coherent with the MoS 2 lattice with exceptions less than 0.1%. The example of an exceptional incoherent ReS 2 nanodot is shown in Figure   S3 .
RESULTS AND DISCUSSION
The crystal structure of distorted 1T ReS 2 belongs to the triclinic 1 ̅ space group with the lattice parameters of (ReS 2 ) = 6.576 Å and (ReS 2 ) = 6.410 Å (Re-chain direction) (as well as | + |(ReS 2 ) = 6.515 Å) in the basal plane, 19 while the primitive 1L MoS 2 in the hexagonal 6 ̅ 2 space group is isotropic in the basal plane with the lattice parameter of (MoS 2 ) = 3.16 Å ( Figure S2 ). 23 Taking twice of (MoS 2 ) as the reference, the lattice mismatches in , and | + | directions of ReS 2 are considered to be 3.8%, 1.4%, and 3.1%, respectively, resulting in different lattice strains for ideally coherent interfaces in the three inequivalent orientations. To study the strain distributions in the inlaid ReS 2 nanodots, geometric phase analysis (GPA) is applied to HAADF-STEM images ( Figure 3 ). Figure 3a Therefore, there is a critical size for the formation of single-domain ReS 2 nanodots.
When the ReS 2 nanodots are larger than the critical size, the total strain energy overwhelms the domain wall energy, giving rise to the multi-domain structure. respectively. 25 Despite the fact that heavy-dose electron beam irradiation at elevated temperature is reported to excite domain reconstruction, 19 herein mismatch strains are considered to be the primary origin for the multi-domain formation in nanodots since it minutes before the 2 nd CVD step for ReS 2 deposition. Exemplary STEM images of the three samples along with the corresponding statistics on nanodot sizes can be found in Figure S6 . As plasma treatment time is extended, the average sizes and the dispersity of dot-sizes increase, which is primarily resulted from the increased population of large holes during plasma treatment. In addition to the characteristic E' and A' 1 symmetry Raman modes from MoS 2 matrix at ~384 and ~404 cm -1 (Figure 4a ), 29 weak signals in lower frequency ranges gradually emerge as ReS 2 nanodot population increases, corresponding to groups of A g 1 and A g 4~6 (150~160 cm -1 ), A g 7 and A g 8 (210~240 cm -1 ), and A g 11~14 (300~330 cm -1 ) like peaks from ReS 2 ( Figure S7 ). 30, 31 Raman features of the MoS 2 matrix are also changed with the ReS 2 nanodots inlaying. Figure 4b Figure S8 ). 35 Both the Raman and PL results demonstrate an enhanced electron trapping behavior as ReS 2 substitution percentage increases as discussed above. While, a saturation can be observed after the ReS 2 substitution percentage reaches ~3 at.% and further increasing the loading amount by increasing the number of larger nanodots ( Figure S6 ) makes only weak or moderate changes to the spectra. Therefore, the smaller nanodots are found to have more significant electron-trapping effect compared with larger ones in term of the number of per unit area. As elucidated by the atomic structure and lattice strain analyses, smaller ReS 2 nanodots are accompanied with larger lattice-confinement strains. At the same time, compressive strains are known to reduce the bandgap of 1L ReS 2 , which is originally narrower than 1L MoS 2 ( Figure S2c ), or even cause metallization of ReS 2 . 36, 37 Moreover, 2H phase ReS 2 is also predicted to have a metallic nature. 38 Therefore, the smaller ReS 2 nanodots are expected to have deeper potential wells than the larger ones, although the nanosized ReS 2 is no longer characterized by the Bloch states in perfect ReS 2 crystals. On the other hand, from basic quantum mechanics, any 2D potential well supports at least one bound state no matter how shallow the well-depth is, whereas the trapping effect weakens exponentially with the reduction of well-depth. 39, 40 Consequently, the deep levels or narrowed bandgaps of the significantly strained or even phase-transformed small ReS 2 nanodots (<2 nm) are Strain analysis based on the geometric phase analysis (GPA) method 42 Upper panels are for raw images and lower ones for deconvoluted images. 
